Mitochondrial TCA cycle dehydrogenase enzymes have been shown to be stimulated by calcium (Ca 2+ ) under various substrate and ADP incubation conditions in an attempt to determine and understand the role of Ca 2+ in maintaining energy homeostasis in working hearts. The present study tests the hypothesis that at physiological temperature and 1 mM extramitochondrial free magnesium, Ca 2+ can stimulate the overall mitochondrial NAD(P)H generation flux in rat heart mitochondrial utilizing pyruvate/malate as substrates at both sub-saturating and saturating concentrations. In both cases we find that in the physiological regime of mitochondrial oxygen consumption observed in the intact animal, and in the physiological range of cytosolic Ca 2+ concentration averaged per beat, Ca 2+ has no observable stimulatory effect. Modest apparent stimulatory effect (22-27 %) was observable at supraphysiological maximal ADP stimulated respiration at 2.5 mM initial phosphate. The stimulatory effects observed over the physiological Ca 2+ range are not sufficient to make a significant contribution to the control of oxidative phosphorylation in the heart in vivo.
INTRODUCTION
Mitochondria synthesize ATP by oxidative phosphorylation in response to cellular ATP demand thereby maintaining cytosolic phosphorylation potential to drive a variety of processes coupled to ATP hydrolysis. One of the central questions in cardiac physiology is the nature of the mitochondrial response to changes in cellular ATP demand, i.e., whether feedback from products of ATP hydrolysis is sufficient to explain observed phenomena on cardiac phosphoenergetics at various levels of work (1) . Based on apparent stability of PCr/ATP and inorganic phosphate (Pi) over a wide range of workloads, Balaban et al. (2, 3) postulated that this apparent stability is due to a "positive feedback" mechanism enabling mitochondrial response to match the demand. More properly, such a mechanism would be an example of open-loop control, where parallel Ca 2+ -dependent pathways would stimulate ATP utilization and synthesis. Cytosolic free Ca 2+ , which is a signal coupling cardiac electrical excitation to mechanical contraction thereby increasing ATP demand, was identified as a putative open-loop controller activating mitochondrial matrix dehydrogenases and F 1 F 0 ATPase in studies on isolated mitochondria utilizing glutamate/malate (4) or 2-oxoglutarate alone as substrates (5, 6) , whereas pyruvate is a physiological substrate entering the terminal oxidative pathway in the mitochondrial tricarboxylic acid (TCA) cycle. In the present study we measured the respiration and redox responses of mitochondria to extramitochondrial free Ca 2+ when utilizing physiological substrates pyruvate/malate at saturating, physiological and sub-physiological concentrations at physiological temperature and free magnesium (Mg 2+ ) concentration. We tested the hypotheses that an increase in Ca 2+ concentration could support higher respiration without a reduction in NAD(P)H concentration over the physiological range for respiration rates or a higher NAD(P)H concentration at a given respiration rate. Previous studies (4, 6) have been restricted to substrates that provided the maximal calcium effect. The major point of the current study is to examine the effect of calcium on mitochondrial respiration and NAD(P)H using pyruvate, which is the product of glycolysis entering the terminal oxidative pathway in mitochondria.
Neither the respiration and NAD(P)H-production rates nor the observed redox levels showed any apparent stimulatory effect of external Ca 2+ over an average concentration range observed in isolated trabeculae and cells at physiological temperature and stimulation frequencies (7, 8) . Over a range of substrate concentration and at high initial Pi, only a 22-27% stimulatory effect on maximal State 3 respiration (which is never attained in vivo), was observed without a significant change in the corresponding NAD(P)H fraction.
METHODS

Isolation of mitochondria
Mitchondria were isolated from the hearts of 12-14 week old Dahl SS rats using protocols that were approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin, Milwaukee, WI 53226, USA. The rats were anesthetized with intra-peritoneal injection of pentobarbital. After the animal was in deep plane of anesthesia, the ventricles of the heart were excised and immediately placed in ice cold isolation buffer, which contained 200 mM mannitol, 50 mM sucrose, 5 mM KH 2 PO 4 , 5 mM MOPS, 1 mM EGTA and 0.1 % bovine serum albumin (BSA). The ventricles were minced and added to 2.5 ml of a 5 U/ml protease (Bacillus licheniformis) solution, homogenized for a minute in a cold room. Isolation buffer was added to the homogenate to a final volume of 25 ml and centrifuged at 8000 g for 10 min to remove protease. The supernatant was discarded and the pellet was resuspended in isolation buffer to 25 ml and centrifuged at 700 g. The pellet was discarded and the supernatant was centrifuged at 700 g. The pellet from the previous step was discarded and the supernatant was centrifuged at 8000 g. The pellet, which contains the mitochondrial fraction, was resuspended in 0.5 ml of isolation buffer, and the protein concentration was quantified in terms of an equivalent BSA concentration using the Biorad QuickStart Bradford assay kit (9) .
Respirometry and testing functional integrity of isolated mitochondria
Functional integrity of the mitochondria was determined by means of respiratory control indices defined as the ratio of State-3 to State-4 respiration upon the addition ADP at a final concentration of 375 M at 37 °C. Respiration measurements at saturating substrate concentrations were performed using a Clark type electrode (Mitocell S200, Strathkelvin Instruments Limited, Scotland) with mitochondria suspended at a concentration of 0.5 mg/ml in a buffer at pH 7.2 containing 130 mM KCl, 2.5 mM K 2 HPO 4 , 20 mM MOPS, 1 mM EGTA and 0.1% BSA. Mitochondrial preparations with respiratory control indices greater than 6 with 10 mM sodium pyruvate and 10 mM potassium malate as substrates were considered to be of acceptable quality for our experiments. Mitochondrial respiration was also measured in the presence of 1 mM free Mg 2+ . State-4 respiration was much higher in the presence of Mg 2+ due to ADP generation from extramitochondrial ATPases hydrolyzing MgATP similar to the observations of Bishop and Atkinson (10) . Respiration measurements at limiting substrate concentrations were made using a high-resolution respirometer (Oxygraph 2K, Oroboros Instruments GmbH, Innsbruck, Austria).
Measurement of mitochondrial NAD(P)H fluorescence during a State 2-3-4 transient
NAD(P)H fluorescence was recorded at 470 nm with a 350 nm excitation and a 12 nm bandwidth in a multimode plate reader equipped with reagent dispensers (Varioskan Flash; Thermo Scientific) with the samples placed in 24 well microplate wells with thermal incubation to maintain the sample temperature at 37 °C. Maintenance of sample temperature at 37 °C during the course of an experiment, from the introduction of the sample into the plate reader till the end of the experiment, was verified by testing our protocol in a 24 well microplate custom instrumented with a micro thermistor (10 K QTUT-14C3; Quality Thermistor, Inc). Substrates and ADP were dispensed in the microplate wells by means of the automated reagent dispensers.
At the start of a fluorescence time course recording, mitochondria were suspended in a microplate well in 1 ml of preheated experimental buffer to obtain a 0.5 mg protein/ml final concentration. NAD(P)H fluorescence was recorded every 3.5 seconds where the samples were kept well mixed by 600 shakes-per-minute orbital shaking between successive readings. A time course recording consisted of the following events: (1) 0 s -introduction of sample into the plate reader and start recording, (2) 70 s -add substrate, (3) 164.5 s -add ADP, (4) 514.5 s -add Rotenone or FCCP, and (5) 654.5 s -end recording.
Substrates were added as 10 l additions of stock solutions to the 1 mL mitochondrial suspension to reach desired final concentrations. ADP was added as a 15 l addition of a 25 mM stock solution (375 M final concentration) when saturating substrate concentrations were used or as a 7 l addition of the same stock solution (175 M final concentration) when limiting substrate concentrations were used. Saturating concentration for pyruvate/malate was 10 mM of both components and limiting concentration was 0.1 mM pyruvate/0.25 mM malate. Saturating concentration for 2-oxoglutarate was 5 mM and a limiting concentration was 0.5 mM with 1 mM malate.
The recorded time courses of NAD(P)H fluorescence were normalized with respect to maximally reduced (obtained after Rotenone addition) and oxidized (obtained after FCCP addition) states in order to express them on a percentage scale of NAD(P) reduction. Figure 1 shows a typical normalized NAD(P)H fluorescence transient obtained during the course of an experiment described above with 2.5 mM initial Pi. The normalization converts the fluorescence recording into fraction of NAD(P)H in the total NAD(P)+NAD(P)H pool, based on a linear scaling between the fully reduced endpoint obtained by addition of Complex I blocker rotenone and a fully oxidized endpoint obtained by the addition of uncoupler FCCP. The increase of NAD(P)H fraction after addition of substrate was fitted to an exponential function
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, where N 1 is the initial normalized fluorescence at the beginning of State-2, N 2 is the normalized fluorescence towards the end of State-2 and k 2 is the rate constant of reduction of NAD(P) into NAD(P)H (which is a measure of the flux through the TCA cycle dehydrogenases generating NAD(P)H) and t 2 is the time during the State 2 segment. Note that our definition of State-2, as an approximate steady state in respiration rate and NAD(P)H level attained after the addition of substrate in the presence of Pi in the buffer, differs from that of Chance and Williams (12) . The standard deviations of N 2 and k 2 were estimated using a local sensitivity based method described in Landaw and DiStefano (13 (10) . These measurements were conducted at two initial buffer Pi concentrations: 0.5 mM (near the resting physiological level) and 2.5 mM (near the maximum level) that may be attained at very high work loads (14) . The physiologically achievable myocardial oxygen consumption rate range of 73-305 l/min/g wet weight (15) corresponds to mitochondrial oxygen consumption rate range of 0.0613-0.2559 mol/min/mg mitochondrial protein calculated by using data on myocardial composition and water spaces in Vinnakota et al. (16) . Figures 2A and 2B show the relationship between [Ca 2+ ] e and States-2, 3, and 4 respiration rates at 2.5 mM and 0.5 mM initial buffer Pi respectively. The shaded box represents the physiological extent of average free Ca 2+ and mitochondrial oxygen consumption rates. At high initial buffer Pi (Figure 2A) ] e on State-4 respiration rates. State-3 respiration rates at low Pi may not be compared to the upper limit of physiological respiration rate since the upper limit of physiological respiration rate is reached under high work loads, which is attained at Pi levels that are higher than the resting Pi level (14) .
Figures 3A and 3B show normalized NAD(P)H levels N 2 , N 3 and N 4 , defined in the Methods section, plotted as functions of [Ca 2+ ] e at 2.5 mM and 0.5 mM initial buffer Pi concentrations respectively. Linear fits to these data yield estimated slopes that are not different from zero (except for N 4 in Fig 3B) as inferred from the t-test at 95% significance level. The rate constant of NAD(P)H generation, k 2 , is a measure of the dehydrogenase (NAD (P)H-generating) Figure 4A do not support this hypothesis except at State-3 respiration rates outside of the physiological oxygen consumption rates. Figure 4B shows the same variables plotted at low initial Pi. Here, all of the measured respiration rates are within the physiological range. Only State-3 rates demonstrate a slight effect in maintaining the same NAD(P)H level with the observed increase in respiration rate upon increasing [Ca 2+ ] e from 100 nM to 350 nM. However, high ADP concentrations do not occur at resting Pi levels in vivo.
The effects of Ca 2+ on respiration rates and NAD(P) reduction could depend on substrate concentrations as shown for 2-oxoglutarate (6, (17) (18) (19) . Therefore, we examined the effect of [Ca 2+ ] e on respiration and NAD(P) reduction at limiting pyruvate and malate concentrations. The initial pyruvate and malate concentrations used were equivalent to total tissue content of those metabolites measured in a glucose perfused heart (20) normalized to the cellular water space (16) . Figure 5 shows the time courses of normalized NAD(P)H fluorescence and respiration under limiting substrate conditions at 2.5 mM initial buffer Pi at 350 nM [Ca 2+ ] e . The concentration of ADP added to induce State-3 was reduced to 175 M to permit the formation of a State-4 before substrate becomes severely limiting, resulting in NAD(P)H oxidation. The plot of NAD(P) reduction fraction vs. the respiratory rate in Figure  6A shows a 22% stimulatory effect of [ In rat heart mitochondria, Bishop and Atkinson (10) found that the rate of respiration was both a function of ATP/ADP ratio and the Pi concentration, with the Pi effects described as kinetic rather than thermodynamic as in the mass action ratio of ATP hydrolysis. However, the range of Pi in those experiments was high at 2-25 mM, when compared to the physiological range of 0.29-2.3 mM (14) . The study of Mootha et al. (21) reports maximal mitochondrial respiration rates measured as a function of ADP at a saturating level of Pi and as a function of Pi at a saturating level of ADP in pig and dog heart mitochondria utilizing glutamate/malate substrate. (filled symbols) data.
The effect of Ca 2+ on the respiration and redox responses of cardiac mitochondria has been found to be dependent on the substrates used, the species of the animal and the experiment temperature (5, 6, 19, 21) . The cited studies report that the stimulatory effect of Ca 2+ on State-3 mitochondrial respiration with pyruvate/malate was between 20-30%, therefore sub-saturating 2-oxoglutarate or saturating glutamate/malate were used as substrates to demonstrate Ca 2+ stimulation of mitochondrial State-3 respiration. We find that 2-oxoglutarate achieves an overall increase in State-3 respiration rate similar to pyruvate/malate at saturating substrate concentrations ( Figure 7A ) and that substantial stimulation is observed at a sub-saturating substrate concentration ( Figure 7C ) as shown in previous studies (6, (17) (18) (19) . The normalized NAD(P)H vs. respiration rate plotted in Figure 7B has a slope that is lower when compared to the data in Figures 3A and 3B (5) show that cardiac mitochondrial respiratory response in the rat has a low calcium sensitivity with succinate as a substrate when compared to rabbit and guinea pig. Similarly, the low Ca 2+ sensitivity of mitochondrial respiration and NAD(P)H fraction with pyruvate-malate observed in our study could potentially be species specific. Baniene et al also observed that Ca 2+ sensitivity of rat heart mitochondrial respiration decreased with an increase in temperature from 28 °C to 37 °C, which underlines the importance of maintaining the temperature in the in vitro mitochondrial preparation close to 37 °C. Finally, the alternative hypothesis that feedback through products of ATP hydrolysis -particularly inorganic phosphate -is the primary control mechanism remains the much more feasible hypothesis (10, 14, 23) . 
